The management of men with metastatic castration-resistant prostate cancer (CRPC) has taken several leaps forward in the past year, with the demonstration of improved overall survival with three novel agents (sipuleucel-T, cabazitaxel with prednisone and abiraterone acetate with prednisone), and a significant delay in skeletal-related events observed with denosumab. The pipeline of systemic therapies in prostate cancer remains strong, as multiple agents with a diverse array of mechanisms of action are showing preliminary signs of clinical benefit, leading to more definitive phase III confirmatory trials. In this review, which represents part 1 of a two-part series on metastatic CRPC, we will summarize the mechanisms of resistance to hormonal and chemotherapies and discuss the evolving landscape of treatment options for men with CRPC, with a particular focus on currently approved and emerging treatment options following docetaxel administration, as well as prognostic factors in this post-docetaxel state. As docetaxel remains the standard initial systemic therapy for men with metastatic CRPC for both palliative and lifeprolonging purposes, knowledge of these evolving standards will help to optimize delivery of care and long-term outcomes.
Introduction
Although much of the recent focus on prostate cancer relates to the over-diagnosis and over-treatment of this disease, each year approximately 30 000 men still die of advanced prostate cancer in the United States, making it the second most common cause of cancer-related death in American men. 1 Androgen deprivation therapy is the most effective systemic treatment for recurrent prostate cancer; however, the vast majority of these patients will eventually develop resistance to hormonal approaches, necessitating other forms of therapy. Although several chemotherapeutic strategies have been employed to treat castration-resistant prostate cancer (CRPC), it was not until 2004 that one such approach was shown to be lifeprolonging. In that year, two phase III clinical trials reported a survival advantage with the use of docetaxel chemotherapy in men with metastatic CRPC, 2, 3 resulting in the US Food and Drug Administration (FDA) approval of this agent. However, while docetaxel is both palliative and life-prolonging, it is not the ultimate answer for patients with CRPC, as virtually all men develop eventual resistance to this chemotherapy agent or are unable to tolerate its toxicities long term.
Until 2010, there were no treatment options conferring a survival benefit for patients with docetaxel-refractory CRPC, although mitoxantrone was often employed in this setting for its palliative effects on bone pain. 4 That unmet clinical need was filled in 2010, when a randomized phase III trial (TROPIC) showed a survival advantage for a novel taxane, cabazitaxel, over mitoxantrone in men with metastatic CRPC that had progressed after previous docetaxel therapy. 5 Based on these results, cabazitaxel was approved by the FDA in June 2010 for the second-line treatment of metastatic CRPC. In the same year, an oral agent with the ability to suppress androgen synthesis, abiraterone, was also reported to improve survival in a phase III study when evaluated against placebo in men with docetaxel-refractory metastatic CRPC. 6 This drug is anticipated to gain FDA approval in the next several months. Finally, an autologous immunotherapy product, sipuleucel-T, was FDA approved in April 2010 for the treatment of minimally symptomatic metastatic CRPC, based on the results of a randomized phase III trial comparing this agent against placebo. 7 Given this abundance of new drugs, a new question emerges: How do we select men for each new therapy, and in what sequence should these agents rationally be given? This review is the first article in a series of two papers discussing the management of docetaxel-refractory CRPC. The first review will highlight the molecular mechanisms of castration resistance and docetaxel resistance in patients with advanced prostate cancer, and will outline the currently available treatment options for these patients. Such approaches include the use of modern chemotherapy drugs, androgen-modulating agents and immunotherapy products. The second review will focus on emerging therapies for men with metastatic CRPC, highlighting some novel molecules that target other cellular pathways (such as angiogenesis, secondgeneration hormonal therapies, cell growth and proliferation, apoptosis, cell nutrition, DNA repair, metastasis/invasion and epigenetic regulation).
Mechanisms of castration resistance in prostate cancer
Persistent androgen receptor signaling: androgen receptor amplifications, mutations and splice variants Activation of the intracellular androgen receptor (AR) by androgens (for example, testosterone and dihydrotestosterone) (Table 1) stimulates cell proliferation while inhibiting apoptosis in prostate cancer cells, resulting in tumor growth and progression. 8 In the absence of androgens, AR is bound to heat-shock proteins (for example, HSP90) and remains primarily in the cytoplasm. Upon activation by androgens, AR dissociates from the heat-shock proteins and translocates into the nucleus, where it binds (with co-activators and corepressors) to androgen-response elements of DNA to induce transcriptional activation of target genes. 9 During progression to castration resistance induced by persistent androgen suppression, AR signaling is maintained through a variety of mechanisms including increased expression of AR 10, 11 amplification of the AR gene, 12 and structural changes in AR caused by genetic mutations 13 or mRNA splice variants. 14 The increased expression, greater stability and nuclear localization of AR in CRPC are all indicative of an overactive AR, which can be stimulated by minute concentrations of circulating androgens. 15 To this end, animal experiments have showed that AR overexpression is necessary and sufficient for growth of many prostate cancer cells in the setting of castrate serum androgen levels. 10 Similarly, in patients with CRPC, increased transcription of the AR gene and persistence of the AR protein were found in cancer cells isolated from metastatic tissue samples. 16 In addition to amplification of the wild-type AR gene, increased quantity of AR in CRPC may be caused by greater stabilization and slower turnover of AR. 17 Moreover, while wild-type AR is only activated by androgens, the specificity of ligand binding can be broadened by somatic mutations usually occurring in the ligand-binding domain of AR. 18 These mutations can lead to decreased specificity and inappropriate activation of the receptor by non-androgens, resulting in a promiscuous AR phenotype that may lead to the activation by estrogens, progestins, tyrosine kinases and other oncogenic signaling molecules. Finally, the castration-resistant state may promote alternative splicing of the AR gene, yielding variant mRNA transcripts lacking the ligand-binding domain, which are constitutively active. 19, 20 Thus, there are a variety of AR-mediated mechanisms of resistance to androgen deprivation therapy, each of which may be anticipated to require different therapeutic approaches.
Ectopic androgen synthesis
Although androgen deprivation therapy (using luteinizing hormone-releasing hormone agonists or antagonists) decreases total serum testosterone levels by approximately 21, 22 Moreover, in the castrate state, intraprostatic concentrations of testosterone and dihydrotestosterone remain sufficient to stimulate AR. The main mechanisms by which CRPC is able to overcome low circulating androgen levels are local conversion of adrenal androgens (for example, androstenedione) to testosterone, 23 and de novo intratumoral synthesis of androgens through increased expression of steroidogenic enzymes such as cytochrome P450 17 (CYP17). 24 This enzyme is the target of several new drugs for CRPC. 25 
Co-regulators of AR
Co-activators (and co-repressors) function as signaling adjuncts for AR-mediated transcription, facilitating or inhibiting binding and activation of AR to androgenresponse elements in promoter and enhancer regions of DNA. Among the most important transcriptional coregulators in prostate cancer is the p160 family of nuclear steroid receptor co-activators. 26 Preclinical experiments and studies of human prostate tumors strongly suggest that overexpression of such steroid receptor co-activators is important in the emergence of the castration-resistant phenotype. 27, 28 In addition, another nuclear receptor coactivator, NCOA2, has recently been reported to function as an oncogene in a subset of prostate cancers. 29 Finally, downregulation of AR-related co-repressors may also be involved in the development of CRPC. 30 
AR-independent pathways
Castration resistance may also be caused by the activation of other oncogenic survival pathways through promiscuous activation of AR by non-androgens (for example, estrogens, progestins, anti-androgens, receptor tyrosine kinases) or by alternative mechanisms including activation of compensatory signaling pathways. 31 For example, it has been shown that signaling, which is normally AR-dependent, may be triggered in CRPC even at undetectable androgen levels by the activation of other receptor tyrosine kinases (for example, insulin-like growth factor-1R, epidermal growth factor-R, vascular endothelial growth factor-R) and their associated signaltransduction pathways (for example, phosphoinositide 3-kinase/Akt/mammalian target of rapamycin pathway, Ras/Raf/mitogen-activated protein kinase/extracellular signal-regulated kinase pathway). 32 In addition, crosstalk has been observed between the cell-surface tyrosine kinase HER2/neu and/or HER3 and intracellular AR in CRPC, resulting in AR activation by HER2/neu in the absence of androgens. 33, 34 Activation of other receptors and their pathways (for example, tumor growth factor-bR, Wnt/b-catenin, Src kinase and interleukin-6R) has also been implicated in crosstalk with AR. 35, 36 Another potential resistance mechanism against castration involves the activation of antiapoptotic pathways associated with survival. In human beings and in animal models of advanced prostate cancer, overexpression of the antiapoptotic protein Bcl-2 has been found to confer resistance to androgen suppression. 37 In addition, other antiapoptotic factors related to Bcl-2, such as Bcl-XL and survivin, are also frequently overexpressed in CRPC, but not in hormone-responsive disease.
38,39
Mechanisms of docetaxel resistance in prostate cancer
Unfavorable tumor microenvironment
Docetaxel resistance in metastatic CRPC can occur by processes intrinsic to the biology of prostate cancer or by general mechanisms of drug resistance shared by multiple tumor types (Table 2) . One form of chemotherapy resistance arises from impaired drug distribution. 40 Anticancer drugs reach solid tumors via the bloodstream and must cross the extracellular matrix to enter cancer cells. However, tumor blood vessels are disorganized and have chaotic blood flow, leading to impaired delivery of nutrients and oxygen and resulting in regions of tumor hypoxia. 41 Similarly, the poorly developed tumor vasculature impairs delivery of anticancer drugs including taxanes to the tumor site, where they must then penetrate deep into the tumor tissue. 42 Increased interstitial fluid pressure caused by leaky vasculature, coupled with impaired lymphatic drainage, also impedes intratumoral drug delivery. 43 Even if anticancer drugs do penetrate into the tumor, the poorly nourished cancer cells furthest from functional blood vessels are often slowly proliferating and resistant to cell cycle-dependent drugs. Moreover, areas of tumor hypoxia may not only confer chemotherapy resistance, but may also select for cancer cells with more malignant phenotypes. 44 For instance, hypoxia-inducible transcription factors (for example, hypoxia-inducible factor 1a) have been shown to induce expression of genes that increase the likelihood of survival, treatment resistance and metastasis of tumor cells, including prostate cancer cells. 45 In addition, preclinical models have shown that primary drug resistance among several cancers can be induced by a paracrine amplification loop of growth factors and cytokines produced by the tumor stroma (for example, interleukin-6, stromal cell-derived factor-1), and by adhesion of cancer cells to the extracellular matrix that is mediated by integrin receptors on cancer cells. 46 To this end, it has been shown that tumor cells with sensitivity to drugs in dilute culture acquire resistance when exposed to the same drug in threedimensional multicellular tumor spheres. 47 This unfavorable tumor microenvironment may promote invasiveness, through a process termed epithelialmesenchymal transition or epithelial plasticity, as well as through the acquisition of stemness properties in prostate tumor cells, each of which has been linked to chemotherapeutic resistance. [48] [49] [50] Indeed, expression of epithelial-mesenchymal transition factors in human prostate cancer has recently been linked to castration resistance. 51, 52 Also, prostate cancer cells as well as bone cells and bone matrix are a rich source of growth factors, which can promote the development of osteoblastic metastases. 53 For example, chemokine ligand-2 is a soluble factor (produced by prostate cancer cells and various host cells) that acts as a modulator of prostate cancer growth in bone, through stimulation of tumor cells and osteoclasts. 54 Secretion of this ligand can be 
Drug efflux pump
Docetaxel is a taxane drug that binds to b-tubulin, which is incorporated into cytoskeletal microtubules during the G 2 /M phase of cell cycle, inhibiting microtubule disassembly and triggering cell death in dividing cells. 56 The effectiveness of docetaxel is often limited by its high substrate affinity for P-glycoprotein, an ATP-dependent membrane-bound drug efflux pump that decreases the intracellular concentration of docetaxel, thus preventing its anti-mitotic activity. 57 P-glycoprotein is a member of the ATP-binding cassette transporter family of proteins. It has been shown that cancer cells that synthesize P-glycoprotein become resistant to docetaxel as well as paclitaxel. 58 This resistance is conferred by overexpression of the multi-drug resistance (MDR1) gene encoding P-glycoprotein. 59 Additional drug export pumps that also promote decreased intracellular docetaxel accumulation include ABCB4 (encoded by the MDR2 gene) and ABCC1 (encoded by the MRP1 gene). 60 
Microtubule alterations
Alterations in microtubule structure/function represent an additional mechanism of docetaxel resistance. Examples of structural changes that may induce taxane resistance include b-tubulin mutations affecting docetaxel binding, increased total cellular b-tubulin content, altered expression of b-tubulin isotypes (for example, overexpression of bIII-tubulin) and post-translational b-tubulin modifications. 61, 62 Functional changes that may promote docetaxel resistance include alternative binding of docetaxel to b-tubulin, altered expression of microtubule-destabilizing phosphoproteins, promotion of microtubule-based microtentacles that facilitate invasion and vascular extravasation, elevated levels of kinesins and activation of the TXR1/thrombospondin pathway. 63, 64 Finally, taxane resistance may also develop as a result of microtubule changes induced by interactions with other cytoskeletal components (for example, g-actin) or overexpression of microtubule-associated proteins. 65 
Apoptotic defects and enhanced cell survival
In addition to stabilizing microtubules, docetaxel can induce apoptosis by inhibiting the antiapoptotic protein Bcl-2 in proliferating cells. 66 However, during treatment of prostate cancers with taxanes, Bcl-2 and secretory clusterin (another antiapoptotic cytoprotective protein) become upregulated, decreasing the effectiveness of docetaxel by impairing apoptosis. 67, 68 Moreover, increased expression of lipid kinases (for example, sphingosine kinase-1) and serine-threonine kinases (for example, Pim-1 kinase) has been observed during taxane treatment, further promoting prostate cancer cell proliferation. 69, 70 Activation of multiple additional signaling pathways associated with prostate cancer cell survival has also been linked to chemotherapy resistance, but a detailed Evolving standards for docetaxel-refractory prostate cancer ES Antonarakis and AJ Armstrong discussion of these is beyond the scope of this review. This is supported by various preclinical experiments showing that treatment with agents directed against activated cellular pathways such as phosphatase and tensin homologue deleted on chromosome ten/phosphoinositide 3-kinase/mTOR, mitogen-activated protein kinase/extracellular signal-regulated kinase, nuclear factor-kB/interleukin-6, Janus kinase/signal transducers and activators of transcription, epidermal growth factor receptor/HER2/3, Hedgehog and b-catenin pathways, endothelin and the somatostatin pathway restores or increases the sensitivity of prostate tumors to taxanes and leads to delayed progression in model systems.
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Chemotherapy for docetaxel-refractory CRPC Given the many ways that prostate cancer cells can adapt to cellular stressors such as androgen deprivation, taxane-based chemotherapy, and hypoxia and unfavorable tumor microenvironments, current and emerging treatments are now beginning to individually address these mechanisms. The next sections of this review will discuss the current approaches to management of men with docetaxel-resistant prostate cancer.
Cabazitaxel: a novel taxoid
Cabazitaxel (XRP6258, or TXD258) is a novel semisynthetic tubulin-binding taxoid that differs from docetaxel (and paclitaxel) because of its poor affinity for P-glycoprotein, the ATP-dependent drug efflux pump. 78, 79 In preclinical studies using cancer cell lines and mouse xenograft models, cabazitaxel was shown to be active in both docetaxel-sensitive tumors as well as those with primary or acquired docetaxel resistance. 80 The first hint that cabazitaxel would have activity in prostate cancer came during phase I testing, where cabazitaxel was administered by intravenous infusion every 3 weeks at escalating doses of 10, 15, 20 or 25 mg/m 2 . 81 In that study, the principal dose-limiting toxicity was neutropenia (including febrile neutropenia). Non-hematological toxicities included emesis, diarrhea, neurotoxicity and fatigue, but these were generally mild to moderate. Anticancer activity was seen in two patients, both of which had metastatic CRPC. One man with mitoxantrone-refractory disease (receiving 15 mg/m 2 of cabazitaxel) had a 66% decline in PSA and a partial radiographic response in measurable lesions, as well as bone pain improvement. A second patient with docetaxel-refractory CRPC (receiving 25 mg/m 2 of cabazitaxel) had an 89% PSA reduction as well as a confirmed partial response in target lesions. 81 A phase II study of cabazitaxel in men with prostate cancer was never conducted.
The safety and efficacy of cabazitaxel in patients with advanced prostate cancer was definitively evaluated in a pivotal randomized phase III trial (TROPIC) that was conducted between January 2007 and October 2008 in 146 institutions across 26 countries, and recruited 755 men with metastatic CRPC who had progressed during (29%) or after (71%) docetaxel-based chemotherapy. 5 Of these, 377 patients were randomized to receive mitoxantrone 12 mg/m 2 intravenously every 3 weeks (with oral prednisone 10 mg daily), and 378 patients were assigned to receive cabazitaxel 25 mg/m 2 intravenously every 3 weeks (plus oral prednisone). The study was powered to detect a 25% improvement in the risk of death between the two intervention arms, using an intention-to-treat analysis. This study was the basis of the FDA's approval of cabazitaxel and prednisone for the second-line treatment of docetaxel-refractory metastatic CRPC. 82 After a median follow-up of 12.8 months, overall survival in men receiving cabazitaxel was 15.1 months compared with 12.7 months in men receiving mitoxantrone (Po0.0001; hazard ratio 0.70). 5 In subset analyses, the survival advantage of cabazitaxel persisted regardless of whether patients had measurable disease or pain at baseline, or whether progression had occurred while receiving docetaxel or following a treatment holiday. In addition, cabazitaxel's survival benefit was most pronounced for men with Eastern Cooperative Oncology Group performance status 0-1 (vs 2), for men receiving only one previous chemotherapy (vs X2 chemotherapies), for patients X65 years of age (vs o65 years), for patients with rising PSA at study entry (vs non-rising PSA), for patients who had received X12 cycles of previous docetaxel (vs o12 cycles) and for patients with disease progression within o3 months of docetaxel initiation (vs X3 months of docetaxel initiation). 5 The last two observations are important because they imply that cabazitaxel may be effective even in patients with disease progression early during docetaxel treatment and in those who have received high cumulative doses of docetaxel. These are patients who are unlikely to benefit from further docetaxel retreatment.
Compared with mitoxantrone, cabazitaxel also significantly lengthened progression-free survival (2.8 vs 1.4 months; Po0.0001; hazard ratio 0.74), extended time to PSA progression (6.4 vs 3.1 months; P ¼ 0.001; hazard ratio 0.75), increased radiographic tumor response rates (14.4 vs 4.4%; P ¼ 0.0005) and increased PSA response rates (39.2 vs 17.8%; P ¼ 0.0002). 5 There were no differences between the two treatment arms with respect to pain responses (8-9% in each arm), or time to pain progression.
The most common serious adverse events related to cabazitaxel were hematological, including grade X3 neutropenia in 82% of patients (febrile neutropenia in 8%), grade X3 leukopenia in 68% of patients and grade X3 anemia in 11% of patients. 5 This high degree of myelosuppression begs the question of whether a lower dose of cabazitaxel (for example, 20 mg/m 2 ) may have been more appropriate, and a randomized trial comparing the safety and efficacy of these two doses (25 vs 20 mg/m 2 ) is being planned (Table 3 ). In the absence of efficacy information on lower cabazitaxel doses, prophylactic or secondary use of growth factor support should be strongly considered, as reflected in several national guidelines. 83 Other non-hematological toxicities included grade X3 diarrhea in 6% of patients and grade X3 fatigue in 5% of patients. Importantly, although peripheral neuropathy (all grades) was observed in 14% of patients receiving cabazitaxel, only 1% developed grade 3 neuropathy. This relative lack of cumulative neurotoxicity with cabazitaxel is encouraging, especially given the established neurological sequelae of docetaxel.
Evolving
Mitoxantrone
Mitoxantrone was one of the first chemotherapies to be FDA approved for CRPC, based on the observation of improved quality of life and bone pain in men with metastatic CRPC when compared against prednisone alone, although this agent did not improve survival. 4 After docetaxel replaced mitoxantrone as the initial treatment-of-choice for CRPC based on an overall survival advantage shown in two pivotal trials (TAX-327 and SWOG-9916), 2,3 mitoxantrone became the de facto standard for second-line chemotherapy in docetaxelrefractory disease. This was partly due to a lack of other approved agents in this setting, and partly due to its palliative effects. In a post hoc analysis of the TAX-327 study, men initially treated with docetaxel who crossed over to receive mitoxantrone upon progression had 450% PSA reductions in 15% of cases, median PSA progression-free survival of 3.4 months, and median overall survival of 10.0 months. 84 Similar modest results were seen in other trials specifically designed to assess the utility of mitoxantrone as second-line therapy in docetaxel-pretreated CRPC. One such study reported 450% PSA declines in 20% of patients, partial radiographic responses in 9% and median survival of 9.8 months. 85 Thus, mitoxantrone therapy leaves much to be desired in terms of improvements in survival in this setting, but remains a palliative regimen in a select group of patients, and clearly there are subgroups of men who do benefit from mitoxantrone therapy. Initiatives to identify these subgroups based on clinical or biological parameters will be important to help guide its rational use, either alone or in combination with other agents.
Docetaxel retreatment
In the absence of any approved life-prolonging options for men with docetaxel-pretreated CRPC, reintroduction of docetaxel after a drug-free interval was an alternative strategy before the emergence of cabazitaxel, and may remain a viable option for select groups of men with retained sensitivity to docetaxel following an initial response and subsequent holiday. This approach is most successful for patients with an initial favorable response to docetaxel (based on PSA, radiographic and/or pain responses) who stop therapy owing to toxicity or after completion of 10 treatment cycles. 86 In phase II trials enrolling CRPC patients with previous responses to docetaxel lasting X4 months, docetaxel retreatment produced 450% PSA declines in 25-45% of patients, radiographic responses in about 10%, median progression-free survival of 5-6 months and median overall survival of 13-15 months. 87, 88 Moreover, the interval from the last cycle of docetaxel therapy to disease progression has been associated with the efficacy of subsequent docetaxel retreatment. 89 Finally, while the addition of a second agent to docetaxel or the use of offlabel alternative chemotherapeutics upon disease progression is appealing (that is, carboplatin, etoposide, vinorelbine, paclitaxel), the evaluation of these agents as monotherapies or combinations 90 is limited to single-arm phase II studies in select groups of men without a control group. Thus, efficacy is difficult to ascertain, particularly in the setting of newly available and approved agents such as cabazitaxel.
Other taxanes
The first taxane agent to reach the market was paclitaxel, which was FDA approved in 1992 for the treatment of refractory ovarian cancer, 91 but has never gained approval for prostate cancer. Because most studies of paclitaxelbased treatment of CRPC have focused on front-line chemotherapy, 92 ,93 the use of paclitaxel in docetaxelpretreated patients is guided mainly by retrospective analyses. One observational study investigated outcomes of men with metastatic CRPC who received paclitaxel together with carboplatin after previous docetaxel treatment, and reported X30% PSA reductions in 64% of patients, median progression-free survival of 2.8 months and median overall survival of 9.7 months. 94 However, with the emergence of cabazitaxel, paclitaxel's future as a second-line chemotherapy agent for CRPC is uncertain.
Tesetaxel is a novel semisynthetic taxane that represents the first oral agent in its class. 95 Like cabazitaxel, tesetaxel has been shown to overcome P-glycoproteinmediated multi-drug resistance in vitro and in vivo. 96 This agent has shown partial radiographic responses in patients with advanced non-small-cell lung cancer, 97 and a phase II study of tesetaxel in men with chemotherapy-naïve or -pretreated CRPC is now being planned (Table 3) .
TPI-287 is a third-generation intravenous taxane that was also designed to avoid drug efflux by the P-glycoprotein pump. It has shown activity against multiple human tumor xenografts including those expressing MDR1 and showing resistance to other taxane agents. 98 Phase I studies of TPI-287 in individuals with advanced solid tumors have shown clinical activity in patients with pancreatic and prostate cancers, and a phase II study 99 in taxane-pretreated men with CRPC is now underway (Table 3) .
Epothilones
The epothilones (macrolide agents originally extracted from myxobacteria) 100 are a novel class of non-taxane tubulin polymerization drugs whose cytotoxicity is mediated through microtubule stabilization, bypassing Evolving standards for docetaxel-refractory prostate cancer ES Antonarakis and AJ Armstrong known taxane-resistance mechanisms. 101 The first agent in this class is ixabepilone, a semisynthetic analog of epothilone B with potent cytotoxic activity mediated by inducing cell cycle arrest at G 2 /M phase. 102 Clinically, ixabepilone has shown modest antitumor activity in men with chemotherapy-naïve metastatic CRPC in phase II studies. 103 In the second-line setting, a recent randomized phase II trial compared ixabepilone against mitoxantrone in men with docetaxel-refractory CRPC. 85 In that study, X50% PSA declines were seen in 17 and 20% of men (P40.05), partial objective responses were observed in 4 and 9% of patients (P40.05) and median overall survival was 10.4 and 9.8 months (P40.05). Significant adverse events related to ixabepilone were neutropenia (grade X3 in 54% of patients), anorexia, stomatitis, fatigue and muscle weakness. Another single-arm study examining the combination of ixabepilone plus mitoxantrone in men with docetaxel-pretreated CRPC showed X50% PSA reductions in 45% of patients, partial radiographic responses in 22% of men, median progression-free survival of 4.4 months and median overall survival of 12.5 months. 104 With this combination, 32% of patients experienced grade X3 neutropenia, and 24% developed grade X2 neuropathy.
Patupilone is a second intravenous epothilone that is able to stabilize tubulin polymerization at much lower concentrations than taxanes, is not a substrate for P-glycoprotein and can overcome multi-drug resistance mechanisms in human tumor models. 105 A single-arm phase II trial of patupilone in men with docetaxelrefractory CRPC has shown X50% PSA declines in 45% of patients, partial objective responses in 5% of men and median progression-free survival of 5.6 months. 106 Overall survival results from this study are awaited (Table 3) . Adverse events with patupilone differ from those of ixabepilone, and include diarrhea, emesis, fatigue and anorexia (with minimal hematological toxicities). However, to our knowledge, further studies with ixabepilone or patupilone in men with CRPC are not being planned given the approval of cabazitaxel and the limited development potential of these agents in CRPC.
Platinum compounds
The most common platinum agents tested in the secondline setting in men with metastatic CRPC are carboplatin and oxaliplatin. The combination of either carboplatin or oxaliplatin with a taxane agent in men with docetaxelrefractory CRPC has been a popular approach, yielding promising results in phase II studies (X50% PSA declines in up to 60% of men, objective responses in up to 40%, progression-free survival times of up to 6 months and overall survival times of up to 15 months). 90, 107, 108 In addition, carboplatin and oxaliplatin have been investigated in combination with other non-taxane agents (such as etoposide, 109 pemetrexed 110 and capecitabine) 111 in patients with docetaxel-pretreated disease; results from these trials have also been intriguing (X50% PSA declines in up to 50% of men, overall survival of up to 19 months). Notably, in patients with metastatic smallcell prostate carcinoma, the use of platinum agents (especially cisplatin) in combination with etoposide 112 is probably the most successful approach, even in the first-line setting. However, outcomes for men with small-cell prostate carcinoma remain unacceptably poor (progression-free survival of 4-5 months; overall survival of 10-12 months), 113, 114 and clinical trial participation should be strongly encouraged. It remains to be seen whether men with CRPC who have adenocarcinoma with neuroendocrine differentiation may also have a selective sensitivity to platinums. 115 Satraplatin is an oral platinum compound that showed promising preclinical activity in prostate cancer and tumor cell lines resistant to other platinums as well as taxanes. 116 To examine the efficacy and safety of satraplatin in men with metastatic CRPC, a 950-patient placebo-controlled randomized phase III trial (SPARC) was conducted in patients with progression after one previous chemotherapy, representing the largest trial ever performed in this population. Patients were randomized (2:1) to receive either oral satraplatin with prednisone (n ¼ 635) or placebo plus prednisone (n ¼ 315). Of note, only 51% of participants had received previous docetaxel treatment, whereas 49% had received other chemotherapy agents (mainly mitoxantrone). Although satraplatin resulted in an improved progression-free survival compared with placebo (2.6 vs 2.2 months; hazard ratio 0.67; Po0.001), as well as prolonged time to pain progression (15.3 vs 5.1 months; hazard ratio 0.64; Po0.001), it did not show an overall survival advantage (14.1 vs 14.2 months; hazard ratio 0.98; P ¼ 0.80). 117 However, a preplanned subgroup analysis of the 488 docetaxel-pretreated patients showed a trend towards improved overall survival favoring satraplatin after adjusting for other prognostic factors (hazard ratio 0.78; P ¼ 0.06), suggesting that satraplatin may be most efficacious following docetaxel therapy. Toxicities of satraplatin were generally manageable, and included myelosuppression and gastrointestinal disturbances. It will be important to learn from the failure of satraplatin in CRPC, perhaps through the identification of blood-based or clinical predictors of platinum sensitivity in prostate cancer, given that there are clearly subgroups of men with strong clinical benefit to platinum-based therapies.
AR-directed approaches for docetaxel-refractory CRPC

Abiraterone acetate
Abiraterone acetate (a pregnenolone derivative) is an oral, potent, selective and irreversible inhibitor of the steroidogenic enzyme CYP17, blocking both its 17a-hydroxylase and its C17,20-lyase activity. 118 As a result, extra-gonadal androgen production is impaired through the inability to convert pregnenolone to dihydroepiandrostenedione and progesterone to androstenedione. In an initial phase I study in men with chemotherapy-naïve CRPC, it was shown that the primary toxicities of abiraterone (which included hypertension, hypokalemia and peripheral edema) were related to a syndrome of secondary mineralocorticoid excess due to feedback upregulation of mineralocorticoid synthesis, and were largely reversible after administration of a selective aldosterone receptor antagonist or a corticosteroid. 119 For this reason, in several subsequent trials abiraterone was combined with low-dose prednisone, although
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The early efficacy of abiraterone in CRPC was investigated in multiple phase II trials and in multiple disease states. In patients with chemotherapy-naïve metastatic CRPC, X50% PSA declines were seen in approximately 65% of men, and radiographic tumor responses occurred in about 35% of men. 121 Interestingly, in chemotherapy-untreated patients who had received previous ketoconazole, X50% PSA reductions still occurred in about 45% of cases. 122 Finally, in patients with docetaxel-refractory metastatic CRPC, X50% PSA declines were observed in approximately 40% of men and objective tumor responses occurred in about 20% of cases. 123, 124 Importantly, patients progressing on abiraterone did not develop increased levels of androgenic compounds downstream of CYP17, implying that resistance probably occurs through some other mechanism. In addition, several patients treated with singleagent abiraterone who received a corticosteroid upon PSA progression subsequently experienced secondary PSA declines of X50%. It has been hypothesized that this phenomenon may be related to promiscuous AR activation by upstream steroidal precursors, and that addition of corticosteroids may suppress central adrenocorticotropic hormone secretion that would otherwise promote the synthesis of these upstream steroidal compounds.
Several of these trials have also evaluated abiraterone's effect on circulating tumor cell (CTC) counts, a parameter that has been shown to correlate with overall survival in men with CRPC receiving chemotherapy. 125 Specifically, patients with X5 CTCs per 7.5 ml of blood at baseline (unfavorable levels) have a median survival of 11.5 months compared with 21.7 months in men with baseline CTC counts o5 per 7.5 ml (favorable levels). 126 Moreover, transitioning from an unfavorable to a favorable CTC count after treatment portends a similar survival to having a favorable baseline CTC count. To this end, in a study enrolling chemotherapy-naïve CRPC patients, 59% of men converted from unfavorable CTC levels at baseline to favorable CTC levels after abiraterone treatment; 121 and in a trial of docetaxel-pretreated patients, 34% of men converted from unfavorable to favorable CTC counts. 124 To evaluate definitively the efficacy and safety of abiraterone, a pivotal multicenter placebo-controlled blinded randomized phase III trial (COU-AA-301) was conducted in men with docetaxel-pretreated metastatic CRPC who had not received previous ketoconazole. 6 This trial was powered to detect a 25% improvement in overall survival, and randomized men (2:1) to receive either abiraterone 1000 mg daily plus prednisone 10 mg daily (n ¼ 797), or placebo plus prednisone (n ¼ 398). The trial met its primary end point, showing a median overall survival of 14.8 months in the abiraterone arm and 10.9 months in the placebo arm (hazard ratio 0.65; Po0.0001). In addition, when compared with placebo, abiraterone prolonged radiographic progression-free survival (5.6 vs 3.6 months; hazard ratio 0.67; Po0.0001), improved time to PSA progression (10.2 vs 6.6 months; hazard ratio 0.58; Po0.0001), and produced more PSA responses (38 vs 10%; Po0.0001).
6 Notably, the overall survival duration seen here (14.8 months) is similar to that of cabazitaxel/ prednisone (15.1 months) in this second-line population with similar baseline characteristics across trials, whereas the survival of men treated with prednisone alone was slightly inferior to that of mitoxantrone with prednisone in the TROPIC trial (10.9 vs. 12.7 months). Although cross-trial comparisons are problematic, this finding does suggest that there may be at least some potential benefit to mitoxantrone in this population. Based on the results of the COU-AA-301 trial, it is anticipated that the FDA will approve abiraterone in patients with metastatic CRPC in the next several months. A second randomized phase III trial (COU-AA-302) targeting men with docetaxel-and ketoconazole-naïve CRPC has completed accrual of over 1000 patients, and has also been powered to detect an overall survival advantage with abiraterone/prednisone compared with placebo/prednisone. It is very likely that abiraterone will be used clinically in both the predocetaxel and post-docetaxel settings, given the comfort level and safety of using this and other hormonal agents in prostate cancer patients before chemotherapy.
Ketoconazole
The anti-fungal ketoconazole was the first drug to target extra-gonadal (adrenal and intratumoral) androgen synthesis in men with CRPC. When used at high doses (800-1200 mg daily), ketoconazole acts as a non-selective competitive inhibitor of several cytochrome P450 enzymes including CYP17, thus reducing androstenedione production as well as circulating testosterone. 127 Single-arm and randomized studies using high-dose ketoconazole in men with CRPC have shown X50% PSA declines in 30-60% of patients, with a median response duration of approximately 5-10 months. 128 However, a randomized phase III trial comparing anti-androgen withdrawal alone vs anti-androgen withdrawal plus high-dose ketoconazole in men with chemotherapynaïve CRPC failed to show a survival benefit for ketoconazole, 129 and this agent has not been FDA approved for prostate cancer, although it is still widely prescribed for this indication. The efficacy of ketoconazole in the docetaxel-refractory setting has only been examined in retrospective studies, 130, 131 where X50% PSA reductions have been observed in approximately 30% of patients and last about 3-6 months. Toxicities of ketoconazole include fatigue, anorexia, emesis, peripheral neuropathy and transaminitis, and most patients require concurrent physiological hydrocortisone replacement. Interestingly, one recent study showed that the addition of the 5a-reductase inhibitor dutasteride to ketoconazole/hydrocortisone improved the PSA response rate to 56% with a median progression-free survival of 14.5 months and an acceptable toxicity profile in a select group of heterogeneous men with CRPC, suggesting that combination approaches may enhance the clinical benefit of androgen synthesis inhibitors. 132 Immunotherapy for CRPC
Sipuleucel-T
Cancer immunotherapy refers broadly to approaches that attempt to treat cancer by activating an immune Evolving standards for docetaxel-refractory prostate cancer ES Antonarakis and AJ Armstrong response against malignant cells while overcoming tumor-induced tolerance. Although not always considered a disease amenable to immune-directed therapies, prostate cancer may in fact be an ideal target for immunological attack because it produces several tissue-specific proteins that may serve as tumor antigens: these include PSA and prostatic acid phosphatase. This notion has been applied to the development of sipuleucel-T, an autologous prostatic acid phosphatase-loaded dendritic cell immunotherapy. 133 During the course of treatment with sipuleucel-T, a patient's own antigenpresenting cells are collected by leukapheresis and coincubated ex vivo with a fusion protein containing prostatic acid phosphatase linked to granulocyte-macrophage-colony-stimulating factor. After culturing this fusion protein with the antigen-presenting cells, the primed immunotherapy product is then reinfused into the patient, activating T cells via MHC class I and class II molecules and resulting in a prostatic acid phosphatasedirected antitumor immune response. 134 Several clinical trials using this personalized prostate cancer immunotherapy have been conducted. In a randomized phase II/III study comparing sipuleucel-T against placebo in 127 men with asymptomatic metastatic CRPC, the immunotherapy did not achieve its primary end point of improving progression-free survival. Intriguingly however, the study showed an improvement in median overall survival favoring sipuleucel-T over placebo (25.9 vs 21.4 months; hazard ratio 0.59; P ¼ 0.01). 135 A second phase II/III trial that randomized 98 men with asymptomatic CRPC to either sipuleucel-T or placebo also failed to show a statistically significant improvement in progression-free survival, and a survival benefit was not shown either. Encouragingly however, a post hoc pooled analysis of these two trials (n ¼ 225) suggested a survival advantage for the immunotherapy product, with a median survival of 23.2 months with sipuleucel-T and 18.9 months with placebo (hazard ratio 0.67; P ¼ 0.01). 136 Adverse events related to sipuleucel-T are generally mild and include fever, chills/ sweats, myalgias and headache. These usually occur during or shortly after infusion of the immunotherapy.
To evaluate definitively the impact of sipuleucel-T on survival, a pivotal multicenter double-blind placebocontrolled randomized phase III trial (IMPACT) was conducted in men with asymptomatic or minimally symptomatic metastatic CRPC, 7 leading to the FDA approval of this agent. In this trial, 512 patients were randomized (2:1) to receive either sipuleucel-T or placebo, and only 14% of men had received previous treatment with docetaxel chemotherapy. This study notably did not enroll men with visceral metastatic disease or men who were taking narcotics for cancer pain or immunosuppressive agents. Impressively, median overall survival was 25.8 months in the sipuleucel-T group vs 21.7 months in the placebo group (hazard ratio 0.78; P ¼ 0.03), despite 64% of patients on placebo crossing over to receive salvage sipuleucel-T (prepared from cryopreserved antigen-presenting cells collected at the time of placebo preparation). In the subset of patients with previous chemotherapy treatment, overall survival trended in favor of sipuleucel-T, but this effect was not statistically significant. Therefore, although this immunotherapy is approved for all patients with asymptomatic or minimally symptomatic CRPC, it will likely have its largest impact in the pre-chemotherapy setting given the greater ease of administration before chemotherapy, and the broader group of men in this setting who are able to benefit from this therapy.
Similar to previous studies with sipuleucel-T, the IMPACT study found no difference in progression-free survival between the two treatment arms. Some investigators attribute the discordance between progressionfree and overall survival to a possible class effect of immunotherapy agents, relating to their mechanism of action which is distinct from cytotoxic therapies. To this end, a similar phenomenon has been observed in a study using a PSA-directed poxviral-based immunotherapy product in men with metastatic CRPC. 137 Problematic end points such as progression-free survival in CRPC (which may be confounded by both PSA and bone scan flare or delayed-onset effects) may perhaps be better addressed by revised guidelines using end points that are tailored to immunological agents. 138 
Conclusion
In the past year, three treatment modalities have been shown to improve survival in men with metastatic CRPC: cabazitaxel, abiraterone and sipuleucel-T. However, the rapid emergence of effective drugs for patients with CRPC has also resulted in some uncertainly about the optimal sequencing (or combination) of these agents. Figure 1 shows one plausible algorithm for the management of men with metastatic CRPC, although other treatment paradigms (including those recommended by the National Comprehensive Cancer Network) 83 may also be reasonable.
Understanding the natural history of the disease in this post-docetaxel state may help facilitate treatment decisions, and may also provide important prognostic information. To this end, we have previously developed a multivariate prognostic model for men who had progressed following docetaxel chemotherapy, which showed a reasonable predictive accuracy for overall survival after accounting for several important prognostic factors. 139 These included traditional prognostic parameters such as performance status and the presence of significant pain, the number of metastatic sites, alkaline phosphatase levels, degree of anemia and the presence/absence of liver metastases. However, we also identified novel prognostic factors that became important in this disease state, including time from original diagnosis (a measure of disease aggressiveness), how progression occurred (on docetaxel or following completion of a planned course), what type of progression was present (pain, radiographic or PSA progression) and the number of docetaxel cycles that a man had received (a measure of progression-free survival with previous docetaxel). Using this nomogram, median overall survival was found to range from 5 to 50 months, 139 providing vital prognostic information with reasonable accuracy. Although this model may not directly aid a practitioner in deciding which treatment to use following docetaxel, it may provide useful information on prognosis to help better gauge treatment goals and how to individually tailor either aggressive or palliative therapies to these men.
In our view, sipuleucel-T is most appropriate for patients with asymptomatic to minimally symptomatic Evolving standards for docetaxel-refractory prostate cancer ES Antonarakis and AJ Armstrong bone-or lymph node-metastatic CRPC who have not yet received cytotoxic chemotherapy, although select men may be able to receive this therapy during a prolonged chemotherapy holiday. Abiraterone with prednisone would also be a reasonable choice in this setting, although the results of the COU-AA-302 trial are still awaited, and there is some concern about the use of immunosuppressive corticosteroids early in the disease course, particularly concurrently with immunologic therapies such as sipuleucel-T. Ketoconazole and hydrocortisone (with or without dutasteride) would be an alternative to abiraterone. In patients with symptomatic disease or visceral metastases, or in those who have rapidly progressive disease at imminent risk of symptoms, chemotherapy should be initiated sooner rather than later, and docetaxel with prednisone is the preferred first choice. In men who may not be able to tolerate docetaxel, mitoxantrone may be used, especially in those with bone pain in whom a palliative benefit might be achieved. Alternatively, a platinum-etoposide doublet may be beneficial and palliative for men with metastatic prostatic small cell (or neuroendocrine) carcinoma. In docetaxel-pretreated patients, best evidence supports the use of cabazitaxel or abiraterone (once approved) each given with prednisone, whereas mitoxantrone may be reasonable in men at high risk of neutropenic complications or in those with significant peripheral neuropathy or taxane intolerance. Docetaxel retreatment may also be appropriate, especially in patients with a good initial response to docetaxel and subsequent discontinuation for reasons other than disease progression. Finally, in patients with multiply chemotherapy-refractory disease, treatment with abiraterone may be entertained but, in the absence of life-prolonging therapies in this setting, clinical trial participation should be encouraged in patients with good performance status. In addition to the above approaches, the use of bonehealth-promoting agents such as denosumab or zoledronate should be strongly considered for men with bone metastatic disease to prevent pathological fractures, spinal cord compression or the need for radiation or surgery for skeletal complications. Palliative radiation or radiopharmaceuticals (for example, samarium, strontium or investigational radium) also have a significant role in the approach to men with symptomatic disease, both before or after systemic therapies. Several additional active agents are currently in phase III development (see the second review in this series), and some of these therapies are also likely to further expand the treatment options for men with metastatic CRPC in the near future.
In summary, cabazitaxel is the first agent to be approved by the FDA for use in men with metastatic CRPC who have progressed after previous docetaxel chemotherapy, and abiraterone acetate is also anticipated to gain FDA approval in this same patient population. In addition, sipuleucel-T may be beneficial in selected docetaxel-pretreated patients, so long as they remain minimally or asymptomatic and do not have visceral Evolving standards for docetaxel-refractory prostate cancer ES Antonarakis and AJ Armstrong (especially hepatic) metastases. Clinical trial participation remains another excellent option for docetaxelrefractory patients.
